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INDUCTION HEAT TREATMENT METHOD AND COIL 
AND ARTICLE TREATED THEREBY 

FIELD OF THE INVENTION 

[0001] The present invention relates to a method of induction heat treatment. More 

specifically, the invention comprises a method for induction hardening certain metal 

components, particularly those having a curved outer surface. Most particularly, the invention 

comprises a method for induction hardening a cast nodular iron differential housing. 

BACKGROUND OF THE INVENTION 

[0002] Induction heat treatment is known to be an effective method of case hardening 

certain nodular iron alloys. However, the use of induction hardening for nodular iron 

components has been limited in cases where the portions of the component requiring heat 

treatment cannot be uniformly heated with an induction coil of conventional design, such as a 

cylindrical coil, perhaps due in part to the complex microstructural balances required as well as 

the difficulty associated with designing induction coils to provide the necessary heating of 

irregularly shaped surfaces. While some solutions have been proposed to facilitate the use of 

induction hardening with articles having irregular surfaces, such as the use of different coils 

and different induction frequencies to treat different portions of the surface, or the use of coil 

designs that are adapted to the contour of the irregularities in order to provide more uniform 

inductive coupling, induction hardening has not been used for various types of components, 

such as those described below. 

[0003] Nodular iron is widely used to cast various components, including various housings 
used in automotive vehicles. For example, nodular iron is commonly used to malce a variety of 
differential housings, which are used to house the differential gears for rear wheel drive 
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vehicles. Because it is widely used in this application, nodular iron differential housings are 
manufactured in relatively high volumes. Nodular iron differential housings typically have 
bell-shaped outer surfaces extending along a longitudinal axis, while the internal housing 
portion is frequently spherical or partially spherical and adapted to house a differential gear set. 
The open end of the bell-shaped surface frequently incorporates a flange that is adapted to 
receive a ring gear, which in turn transitions to a lower hub at the lower end of the housing that 
is adapted to receive an axle shaft. The closed end of the bell-shaped surface also frequently 
transitions to an upper hub that is adapted to receive an axle shaft. All of these features are 
typically cast at once as what may be described as a single wall or sidewall. The bell-shaped 
surface also frequently includes opposed front and rear openings which extend through the 
sidewall of the housing into the internal housing portion. These openings may be cast into the 
housing, or as is frequently the case, machined while the castings are still warm from the 
casting process. 

[0004] In addition to housing the differential gear set, a primary function of the differential 
housing is to transmit torque from the drive train to the drive wheels through the differential 
gears. As a result, differential housings typically have rigorous metallurgical and mechanical 
requirements. As the torque capacity requirements for a particular differential housing design 
are increased, the mechanical and metallurgical requirements for that housing design are also 
increased. As these requirements are increased. Applicants have observed that they 
occasionally exceed the torque handling capacity of the housing, leading to fracture of the 
housing in the area having the lowest torque handling capacity. This is typically in a region 
adjacent the front and rear openings as described above, and more specifically between the 
openings and the upper hub. 
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[0005] Increased capacity can be accomplished by increasing the size of the housing, but it 
is frequently desirable to maintain or reduce the size of the housing while also increasing its 
torque handling capacity. 

[00061 Therefore, it is desirable to develop a method of heat treatment that addresses the 
limitations mentioned above and that provides a method for surface or case hardening parts 
having an irregular surface, such as a differential housing, in a specific region of the surface, 
whereby the torque handling capacity of a given differential housing design may be increased 
while maintaining the size of the housing, or potentially enabling a reduction in the size of the 
housing. 

SUMMARY OF THE INVENTION 
[0007] The present invention provides a method of induction heat treatment, comprising 
the steps of: selecting an article for heat treatment comprising a metal wall having an upper hub 
portion, a lower hub portion, a bell-shaped portion that is located between the upper hub 
portion and the lower hub portion and a longitudinal axis extending through each of the upper 
hub portion, lower hub portion and bell-shaped portion, the bell-shaped portion having a bell- 
shaped outer surface, an inner surface and a plurality of windows extending from the outer 
surface to the inner surface; selecting an induction coil comprising a hollow metal channel 
having a first termination portion, a second termination portion and a semi-rectangular inductor 
portion that is operably connected to the first termination portion and the second termination 
portion; wherein the inductor portion is adapted to receive the article and apply a plurality of 
magnetic fields to a heat treatment portion thereof; placing the article within the inductor 
portion of the induction coil; rotating the article within the induction coil at a selected speed; 
energizing the induction coil to apply the magnetic fields and produce induction currents within 
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the heat treatment portion of the article for a time sufficient to induce heating of the heat 
treatment portion to a heat treatment temperature (Th) to at least a selected case depth; and 
cooling the heat treatment portion of the article to a temperature (Tc) to the selected case depth. 
[0008] The invention also comprises a differential housing comprising a metal wall having 
an upper hub portion, a lower hub portion, a bell-shaped portion that is located between the 
upper hub portion and the lower hub portion, a longitudinal axis extending through each of the 
upper hub portion and a circumferential hardened case, the bell-shaped portion having a bell- 
shaped outer surface, an inner surface and a plurality of windows extending from the outer 
surface to the inner surface, the circumferential hardened case extending inwardly from the 
bell-shaped outer surface in a heat treatment portion which is located between the window and 
the upper hub, wherein the hardened case is formed by an induction heat treatment. 
[0009] The invention also comprises an induction coil comprising: a hollow metal channel 
comprising a first termination portion, a second termination portion, and a semi-rectangular 
inductor portion that is operably connected to the first termination portion and the second 
termination portion. 

[0010] This method provides a significant increase in the strength of nodular cast iron 
articles treated thereby without having to alter the geometry of the article. The process also 
minimizes any kind of grain growth or distortion of the article associated with more 
conventional methods of heat-treating. This process eliminates heat-treating of the entire part 
thus minimizing and controlling distortion that can adversely affect assembly and functionality 
of the finished product. 

[001 1] The present invention imdertakes to improve the production of such components by 
enabling the use of induction hardening, and thereby providing better control over the process 
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by hardening one component at a time, improving the metallurgical and mechanical properties 
of the components, and allowing for a reduction in heat treatment cost. 

[0012] The hardening operation will be simplified, and allow improved control, by the 
application of this invention because the components will be processed one at a time. The 
integration of the part location, heating, and quenching functions into a single, robust machine 
simplifies the heat treatment operation compared to previous methods by reducing the part 
handling requirements and reducing complex cycle parameters (e.g. adjusting the entire process 
for part-to-part variations in a batch of parts due to different temperature and environmental 
conditions that exist in a large heat treating furnace) to a small set of control parameters for 
each individual part (e.g. power, induction time, quench flow rates, etc.). Enabling the 
automatic control of process variables, such as the power level, total power delivered, quench 
temperature, quench flow rate, and cycle timing parameters, along with other process variables, 
will enable improved process control. 

[0013] The mechanical properties of the components may also be improved by the 
selective application of heat in only the areas where high hardness is desired to give more 
precise control over the hardness and strength of the critical areas of the article. 
[0014] Further scope of applicability of the present invention will become apparent fi-om 
the following detailed description, claims, and drawings. However, it should be understood 
that the detailed description and specific examples, while indicating preferred embodiments of 
the invention, are given by way of illustration only, since various changes and modifications 
within the spirit and scope of the invention will become apparent to those skilled in the art. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] The present invention will become more fiilly understood from the detailed 
description given here below, the appended claims, and the accompanying drawings in which: 
[0016] FIG. 1 is a flow diagram illustrating the method of the invention. 
[0017] FIG. 2 is a side view of an article of the present invention in the form of a 
differential housing. 

[0018] FIG. 3 is a top view of the differential housing of FIG. 2. 

[0019] FIG. 4 is a side view of an article of the present invention in the form of a second 
differential housing. 

[0020] FIG. 5 is a top view of the differential housing of FIG. 4. 
[0021] FIG. 6 is a top view of an induction coil of the present invention. 
[0022] FIG. 7 is a side view of the induction coil of FIG. 6. 

[0023] FIG. 8 is a top schematic view illustrating a differential housing placed within an 

induction coil according to the method of the invention. 

[0024] FIG. 9 is a cross-sectional view of section 9-9 of FIG. 8. 

[0025] FIG. 10 is a top schematic view illustrating a second differential housing placed 

within an induction coil according to the method of the invention. 

[0026] FIG. 1 1 is a cross-sectional view of section 11-11 of FIG. 10. 

[0027] FIG. 12 is a cross-sectional view of section 12-12 of the differential housing of 

FIG. 3 that has been induction hardened by the method of the invention. 

[0028] FIG. 13 is a cross-sectional view of section 13-13 of the second differential housing 

of FIG. 5 that has been induction hardened by the method of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0029] Referring to FIGS. 1-13, the present invention comprises a method 1 of induction 
heat treatment. Method 1 comprises the steps of: selecting 10 an article 100 for heat treatment, 
such as differential housing 200, comprising a metal wall 205 having an upper hub portion 210, 
a lower hub portion 215, a bell-shaped portion 220 that is located between the upper hub 
portion and the lower hub portion and a longitudinal axis 225 extending through each of the 
upper hub portion 210, lower hub portion 215 and bell-shaped portion 220, the bell-shaped 
portion 220 having a bell-shaped outer surface 230, an inner surface 235 and a plurality of 
windows 240 extending from the outer surface to the inner surface; selecting 20 an induction 
coil 300 comprising a hollow metal channel 305 having a first termination portion 310, a 
second termination portion 315 and a semi-rectangular inductor portion 320 that is operably 
connected to the first termination portion 310 and the second termination portion 315; wherein 
the induction coil 300 is adapted to receive the article 100, such as differential housing 200, and 
apply a plurality of magnetic fields to a heat treatment portion 245 thereof; placing 30 the 
article 100 within the inductor portion of the induction coil 300; rotating 40 the article 100 
within the induction coil 300 at a selected speed; energizing 50 the induction coil 300 to apply 
the magnetic fields and produce induction currents within the heat treatment portion 245 of the 
article 100 for a time sufficient to induce heating of the heat treatment portion 245 to a heat 
treatment temperature (Th) to at least a selected case 250 depth; and cooling 60 the heat 
treatment portion 245 of the article 100 to a temperature (Tc) to the selected case 250 depth. 
The method 1 of heat treatment, article 100, differential housing 200 and induction coil 300 are 
described more particularly below. 
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[0030] With regard to the step of selecting 10 an article 100, this method of induction heat 
treatment is ideally suited for the induction heat treatment of articles having a curved outer 
surface, such as differential housing 200, as shown in FIGS. 2-4. Preferably, article 100, such 
as differential housing 200, comprises a metal wall 205 having an upper hub portion 210, a 
lower hub portion 215, a bell-shaped portion 220 that is located between upper hub portion 210 
and lower hub portion 215 and longitudinal axis 225 extending through each of upper hub 
portion 210, lower hub portion 215 and bell-shaped portion 220. Bell-shaped portion 220 has a 
bell-shaped outer surface 230, and inner surface 235 comprising a generally spherical upper 
portion 260 and a generally cylindrical lower portion 265 and a plurality of windows 240. 
Metal wall 205 preferably comprises cast nodular iron, such as may be defined by 
specifications or standards such as ASTM A536-84, ASTM A395-80, ASTM A476-82, A476- 
84, ASME SA395, ASME SA476, SAE J434c and Mil-1-24137. Metal wall 205 is typically 
formed by casting using well-known casting methods, such as sand casting, such that upper hub 
portion 210, lower hub portion 215, and bell-shaped portion 220 are all formed simultaneously 
as a single wall. As-cast nodular iron has a characteristic microstructure comprising a matrix 
that is a mixture of varying proportions of ferrite and pearlite with nodules of graphite 
distributed therein. Preferably, the graphite nodules are spheroidal. As the amount of pearlite 
increases, the strength and hardness of the iron also increases. The differential housings 200 
shown in FIGS. 2 and 4 have somewhat different designs, but share many of the same features. 
As such, they have been numbered using the same reference numerals to illustrate the common 
features and to illustrate how the present invention may be applied to articles 100, such as 
differential housings 200, that are of somewhat different design. 
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[0031] Referring to FIGS. 2 and 4, empirical evidence as well as structural analysis 
suggests when a torque load is applied to differential housing 200, that the region of highest 
stress, and thus the highest likelihood of fracture as the torque load on differential housings 200 
is increased, lies within the shoulder of the housing 200 adjacent to the top of windows 240, 
represented in FIGS. 2 and 4 as the region between lines A- A and B-B. Therefore, in order to 
achieve higher torque load capacity in a housing of a given size, it is desirable to strengthen and 
toughen this region by induction heat treatment. This region may be referred to as heat 
treatment portion 245. It is preferred that the microstructure within heat treatment portion 245 
comprise a matrix that is substantially tempered martensite, with spheroidal nodules of graphite 
distributed therein. By substantially tempered martensite, it is meant that the matrix may 
contain some softer microstructural products, such as ferrite and pearlite, but that the largest 
weight fraction of the matrix should be tempered martensite, and preferably substantially all of 
the matrix should comprise tempered martensite. It is also preferred that the induction heat 
treatment avoid any substantial solutionizing of the graphite nodules in heat treatment portion 
245, as it is known that any substantial solutionizing of the graphite nodules will reduce the 
strength and toughness of the associated portion of the microstructure. 

[0032] Referring to FIG. 1, having selected 10 article 100, such as differential housing 
200, method 1 comprises the additional step of selecting 20 an induction coil 300. Referring to 
FIGS. 6 and 7, induction coil 300 comprises a hollow metal channel 305 having a first 
termination portion 310, a second termination portion 315, and a semi-rectangular inductor 
portion 320 that is operably connected to the first termination portion 310 and the second 
termination portion 315. The semi-rectangular inductor portion 320 comprises a semi- 
rectangular lower coil portion 325 comprising a first L-shaped section 330 having a first 
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termination end 335, that is connected to the first termination portion 310, and a first lateral end 
340, and an opposed second L-shaped section 345 having a second termination end 350, that is 
connected to the second termination portion 315, and a second lateral end 353; a semi- 
rectangular upper coil portion 355 having a first lateral end 360 and a second lateral end 365, 
and that is located above and is proportionately smaller than the lower coil portion 325; a first 
lateral portion 370 that connects the first lateral end 360 of the upper coil portion 355 to the 
first lateral end 340 of the lower coil portion 325, and a second lateral portion 375 that connects 
the second lateral end 365 of the upper coil portion 355 to the second lateral end 353 of the 
lower coil portion 325. The heating of article 100 is primarily provided by magnetic fields 
produced by first lateral portion 370 and second lateral portion 375, and the respective ends of 
upper coil portion and lower coil portion when induction coil 300 is energized. Both upper coil 
portion 355 and lower coil portion 325 must be sized so as to receive article 100, such as 
differential housing 200, without interference while maintaining close proximity to permit 
coupling of the magnetic fields produced by first lateral portion 370, second lateral portion 375 
and the respective ends of upper coil portion 355 and lower coil portion 325 to the surface of 
article 100. In the case of differential housing 200, the spacing was about 13 cm. The spacing 
of upper coil portion 355 and lower coil portion 325, and the respective lengths of first lateral 
portion 370 and second lateral portion 375 must be adapted depending on the design of 
differential housing 200 and the desired length or size of heat treatment portion 245. 
[0033] As shown in FIGS. 6 and 7, first termination portion 310 and second termination 
portion 315 are adapted to connect inductive coil 300 to a power supply (not shown). While 
the arrangement of elements is provided to illustrate an embodiment of induction coil 300, the 
coil is not limited to the particular embodiment shown. For example, first termination portion 
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310 and second termination portion 315 could possibly also be incorporated into upper coil 
portion 355 rather than lower coil portion 325, with a corresponding rearrangement of the other 
elements of induction coil 300. Referring again to FIGS. 6 and 7, induction coil 300 may 
comprise any suitable size, cross-sectional shape and composition, depending on the exact 
nature of article 100 that is to be used therewith. However, in the case of differential housing 
200, the spacing of the first and second ends 315 and 320 of upper coil portion 325 was about 
13 cm and comprised a hollow, rectangular, 99% copper tube 1 16 having an external width of 
10 mm and an external height of 10 mm, and sidewall thickness of 1.1 mm. Induction coil 300 
must be adapted so as to receive article 100, while preferably maintaining as close a spacing as 
is practicable, so as to maximize the inductive coupUng with article 100 when induction coil 
300 is energized, and yet not interfere with the rotation of article 100, as discussed herein. 
Induction coil 300 is preferably adapted so that longitudinal axis 225 of article 100 may be 
easily aligned to be parallel to and coincident with longitudinal axis 305. Induction coil 300 
also preferably comprises quench blocks 380 as shown in phantom in FIGS. 6 and 7. Quench 
blocks 380 are connected to known means for providing a quenchant, such as a storage tank or 
supply line, and includes a plurality of openings through which quenchant may be sprayed onto 
article 100, as described below. 

[0034] Referring to FIGS. 1 and 8-11, the next step of method 1 comprises placing 30 the 
heat treatment portion 245 of article 100, such as differential housing 200, within the induction 
coil 300. Placing 30 comprises providing a rotatable means for placing and rotating article 100 
and performing the subsequent steps of method 1. As discussed above and illustrated in FIGS. 
8-1 1 with regard to differential housing 200, housing 200 is preferably placed within induction 
coil 300 so that its longitudinal axis 225 is parallel to and coincident with longitudinal axis 385 



11 



of induction coil 300. Heat treatment portion 245 is placed adjacent to induction coil 300, such 
that the magnetic field produced when induction coil 300 is energized is inductively coupled to 
heat treatment portion 245. Differential housing 200 may be placed into induction coil 300 by 
any number of suitable known means for holding and rotating differential housing 200, such as 
a rotatable jig or fixture. It is also preferable that means for holding and rotating differential 
housing 200 be selected so as to minimize any interference with the magnetic fields generated 
by induction coil 300. 

[0035] Referring to FIG. 1, the next step of method 1 comprises rotating 40 differential 
housing 200 within induction coil 300 at a selected speed. This speed may be any suitable 
speed and may comprise a variable speed during or within the subsequent steps of method 1 . 
Rotation is used to compensate for the fact that induction coil 300 has a region where first 
termination portion 310 and second termination portion 315 join semi-rectangular inductor 
portion 320 where the resultant magnetic field is non-uniform and generally reduced as 
compared to adjacent sections of induction coil 300. In the case of the application of method 1 
to differential housing 200 as described herein, the rotational speed was between 20 to 100 
rpm. 

[0036] Referring to FIG. 1, the next step of method 1 comprises energizing 50 the 
induction coil 300 to a selected energy level to apply the magnetic field and produce an 
induction current within heat treatment portion 245. In the case of nodular iron, such as SAE 
D-5506, to provide induction hardening, this energizing 50 must be performed for a time 
sufficient to induce heating of heat treatment portion 245 to a heat treatment temperature (Th) 
to at least a selected case 250 depth, such as the required or desired hardened case 250 depth. 
For differential housing 200, it is preferred that the case 250 extend through the entire thickness 
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of metal wall 205 within heat treatment portion 245. For differential housing 200, and 
induction coil 300, the step of energizing 50 comprised applying power from a commercially 
available power supply of a type used for induction heat treatment in a range of about 1.0 kHz, 
and for about 6-12 seconds. In the case of differential housing 200, this step of energizing 50 
was sufficient to heat the entire thickness of heat treatment portion 245 to a temperature that 
was above the austenite transition temperature. The austenite transition temperature for the 
nodular iron compositions noted herein is about 1600-1900 ''F. It will be readily understood 
that the inductive frequency and power can be altered depending on the size, shape, 
composition and other factors associated with differential housing 200, the specific design of 
inductor coil 300, as well as other factors. 

[0037] The next step of method I comprises cooling 60 heat treatment portion 245 of article 
100. Cooling 60 comprised quenching heat treatment portion 245 in an aqueous quenchant 
comprising 3-5% Aqua Quench 251 for a time sufficient to heat treatment portion 245 to 
approximately 150-100 °F below Tc. Quenching was accomplished by pumping a large 
volume of the quenchant through a plurality of holes in quench block 380 onto heat treatment 
portion 245. In the case of differential housing 200, the quench time was about 10-15 seconds. 
The quenchant flow rate was about 15-25 gpm. 

[00381 Referring to FIGS. 12 and 13, following the step of cooling 60, the hardness of 
differential housing 200 on the surface of heat treatment portion 245 was about Rc 40-50, with 
a hardened case 250 that extended through the thickness of metal wall 205. The microstructure 
comprised a martensite matrix with generally spheroidal nodules of graphite located therein. 
No significant solutionizing of the graphite nodules was observed. 
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[0039] The foregoing discussion discloses and describes an exemplary embodiment of the 
present invention. One skilled in the art will readily recognize from such discussion, and from 
the accompanying drawings and claims that various changes, modifications and variations can 
be made therein without departing from the true spirit and fair scope of the invention as defined 
by the following claims. 



14 



